Aims This study aims to visualize ultrasonically deformation of atherosclerotic plaques in human coronary arteries during vasoconstriction and vasodilatation.
Introduction
Intravascular ultrasound visualizes the coronary wall morphology in vivo, whereas angiography shows only a silhouette of a vessel lumen 11 ' 21 . Ultrasound provides a three-layer appearance i.e. echogenic intima, a sonolucent media, and echogenic adventitia' 3 ' 4 ' . Intravascular ultrasound is a powerful tool, capable of detecting occult atherosclerosis that conventional angiography might miss' 5 ' 61 . In this study, intravascular ultrasound monitored morphology at an early stage of coronary atherosclerosis during the acetylcholine provocative test [?1 . We found that the cross-sectional area of the atherosclerotic plaque did not change significantly during coronary vasomotion.
Revision submitted 17 December 1996, and accepted 19 December 1996.
Correspondence: Yoshiyuki Kijima, MD, PhD, Cardiovascular Division, Ishinkai Yao General Hospital, 1-41 Numa Yao, Osaka 581, Japan.
Methods

Patient characteristics
Fifteen patients suffering from chest pain at rest were enrolled in the study. They had no history of myocardial infarction, valvular heart disease or congenital heart disease. A treadmill exercise test was negative in all cases. The total cholesterol level in serum was 180-6 ± 30-5 mg . dl ~'. The coronary arteries were angiographically normal or had only changed slightly (diameter stenosis <25%). The first area to be probed for atherosclerotic plaque by intravascular ultrasound was the left anterior descending artery. Unless plaque was detected, probing proceeded to the left circumflex artery and the right coronary artery. No atherosclerotic plaques were detected in seven patients who were excluded from further study. In the remaining eight patients, intracoronary ultrasound detected atherosclerotic plaques (% area stenosis 50-4 ±8-7, see Table 1 ). No calcified lesions were included. To rule out vasospastic angina' 6 ' 7 ', the eight patients were subjected to the acetylcholine provocative test. Written informed consent was obtained Table 2 ).
from each patient for participation in this study, which was approved by the Institutional Ethics Committee in April 1994.
Catheter manipulation
A 4-3 Fr intravascular ultrasound imaging catheter (CVIS, CA, U.S.A.) was inserted into a target coronary artery along a 0014 inch conventional angioplasty guide wire. The imaging catheter was positioned at a particular segment of the target artery to give the largest plaque area. This catheter was equipped with a 30 MHz transducer and a mechanically motor-driven rotating mirror enclosed within an acoustic housing. A temporary pacing catheter was inserted into a right ventricle to prevent transient bradycardia otherwise caused by acetylcholine.
Acetylcholine provocative tests
All anti-anginal agents, except sublingual nitroglycerine, were suspended at least for 24 h prior to the catheterization. After the baseline angiography and ultrasound measurements, acetylcholine was intracoronarily injected into a target artery. Amounts of acetylcholine were stepwise increased at 3 min intervals (25 ug, 50 ug, 100 ug to a left; and a half of each to a right coronary artery). Electrocardiography was continuously recorded during the test. Unless the patient complained of chest pain, a coronary angiogram was recorded 90 s after each dose of acetylcholine. Since acetylcholine caused transient bradycardia (for approximately half a minute), haemodynamic parameters were recorded 60 s after each dose of acetylcholine. At the last step of the test, isosorbide dinitrate was intracoronarily injected to obtain maximal dilatation (5 mg to a left and 2-5 mg to a right coronary artery). Total occlusion of the target coronary artery and ST elevation, as demonstrated on the electrocardiogram, were observed only in patient 1 after the maximal dose of acetylcholine. In this case, the ultrasound measurement was performed immediately before total occlusion (Fig. IB) . The vasospasm was released by isosorbide dinitrate. In the remaining seven patients, acetylcholine reduced the diameter of the target coronary artery without occlusion, so that no significant ST-T change was observed during the whole process of the provocative test.
Ultrasound measurements
Images were displayed by means of the CVIS INSIGHT system (CVIS, CA, U.S.A.) and recorded on S-VHS tapes. To minimize the effect of cardiac cycle on vessel dimension, images at end diastole were analysed. Stillframed images, 60-90 s after each intracoronary shot, were analysed on a 33-inch video monitor. Two circles were drawn on the monitor, the inner circumference of the sonolucent zone and the intimal leading edge. The area of each circle (vessel area and luminal area, respectively) was obtained using a computer program for planimetry CAMAC-300 (Goodman, Nagoya, Japan). Subtraction of the luminal area from the vessel area gave the area of atherosclerotic plaque (Fig. 2) .
Statistical analysis
All data were shown as mean ± standard deviation (SD). Statistical comparisons were made by the paired Student's t-test. A probability less than 005 was considered to be statistically significant.
Results
Vasomotion of atheromatous coronary arteries in humans
Intravascular ultrasound detected an early stage of coronary atherosclerosis in eight patients with chest pain Eur Heart J, Vol. 18, June 1997 syndrome (Table 1) . Although their coronary arteries appeared to be angiographically normal or had changed only slightly, percent area stenosis based on ultrasonic estimation was 50-4 ± 9-7%. The atherosclerotic plaques in these cases were eccentric (Fig. 1) . Intracoronary injection of acetylcholine caused vasoconstriction of the diseased segments ( Fig. IB and E) . Finally, maximal vasodilation was achieved by intracoronary administration of isosorbide dinitrate (Fig. 1C  and F) .
Haemodynamics
The maximal dose of acetylcholine did not alter significantly the mean aortic blood pressure (100-1 ±9-6 for control vs 100-7 ± 9-2 mmHg for acetylcholine) or heart rate (79-3 ± 11 -2 for control vs 79-3 ± 120 beats . min " ' for acetylcholine). Isosorbide dinitrate reduced the mean aortic pressure (90-7 ± 9-7 mmHg, P<001 vs control) and increased heart rate (89-5 ± 12-5 beats . min" 1 , /•<001 vs control).
Ultrasound measurements
Vessel area, luminal area, and plaque area were measured under control, acetylcholine-treated, and isosorbide dinitrate-treated conditions ( Fig. 2 and 
Discussion
Geometric theory
It has been suggested that a thickened intima contributes to luminal narrowing under certain geometric conditions'
81
: (1) intimal thickening is concentric; (2) the material of which the thickened intima consists is plastic and incompressible; and (3) the thickened intima is passively deformed during vasoconstriction. In our patients, intimal thickening was eccentric, so that the first assumption does not apply. The latter two are compatible with this study (Fig. 1 and Table 2 ). Prior to the era of intravascular ultrasound, conventional angiography provided information only on the silhouette of a vessel lumen. Previous angiographical attempts to test this theory have been controversial' 891 . This study provides the first ultrasonic evidence for the feasibility of the geometric theory in humans.
Limitations of this study
Several factors influenced the accuracy of our ultrasound measurements. First, a guide wire interfered with ultrasound waves. This made approximately a quarter of an ultrasound image invisible. When we drew circles of the intimal leading edge and inner circumference of the sonolucent zone (Fig. 2) , three-quarters of one end was connected smoothly with the other. Second, the position of the imaging catheter used to estimate serial changes in the plaque area should be fixed during the measurements. To minimize the influence of the cardiac cycle, images at end diastole were analysed. However, other patient factors, e.g. respiratory motion, may alter the catheter position. Third, we drew the inner circumference of the sonolucent zone although the outer circumference can be more accurately drawn because of the Eur Heart J, Vol. 18, June 1997 physical property of ultrasound'
101 . This study aimed to measure the plaque area separately from the vessel media.
Conclusions
Deformation of atherosclerotic plaques during coronary vasomotion was visualized ultrasonically in vivo. The cross-sectional area of the atherosclerotic plaque appeared to be constant during vasomotion.
